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The develcftnent of the Energy Saver at Ferinilab 
rqires the installation of nearly 500 correction coil 
packages, each containing three elements operated at a 
naninal 50A each. This necessitates twelve penetrations 
fran ambient ccnditicns to liquid helium at each 
quadrupole package. 'Ihe design and test results of 
cunplete package containing all twelve vapor cooled 
ccoductors will be discussed in full. 

A nunber of papers have baen written over the past 
several years dealingwith the subject of vapor cooled 
current leads. MoSt, if not all, treat the problem fron 
a unique point of view, that is, each treatment differs 
from any other, sanetimes by a great deal. It seems too 
that only a few provide any practical means to evaluate 
the given proposals. The number of actual leads 
described is far short of the nunber of theories 
sqgested. 

'Ihe purpose of this work then is essentially 
twofold. First, it will address the problem as it 
relates to the Fermilab Energy Saver. Second, it.wi3.l 
provide the guidelines and specifics necessary for the 
solution of similar problems elsewhere. In doing SC we 
will start effectively fran scratch, finally to arrive 
at a working exanple currently in use at Fecnilab. 

Tbe correction element packages for the,EnergySaver 
are made in basically two styles, an OSQ .(8P-6P-4P) and 
a L!SQ (2P-6P-4P). They, as well as a number of other 
special canponents, are installed in what has cone to 
be kncwn as the "spool piece", dcwnstream fran each 
quadrupcle magnet. At most spool locations'one of'each 
type will be installed. Since each needs independent 
pcwer, twelve leads are required at each,location.-The 
design current for each of the six coils, and thus .for 
each lead, is 50A. 

Physically, the Saver is installed directly below 
the present main ring magnets (conventional). This 
geonetry poses height limitations on any protrusions. 
fran Saver conpcnents, including the spool. In the,case. 
of the current leads ,this limitation is on the order of 
30-35 an. Any more length would have caused serious 
installation prcblens. 

In addition, during certain failure modes potential 
differences between adjacent lead pairs and individual 
leads to ground cculd reach l.SkV. Potentials between 
two leads fran the sane coil on the other hand are low 
in all cases (c 100 Vj'. 'Ibe lead spacing then due to 
these constraints was set at 0.32 an between two leads 
fran the sane coil and 0.96 an between adjacent pairs 
as well. as between individual leads and ground. 

Finally, in order to minimize the possibility of 
plugging the flow to any lead as well as to decrease to 
one the controlled exit, all twelve leads would share a 
cannon soling strean. 

ANALYSIS 

'Ihe fol.laJing made1 describes the heat flm along 
the cofkductor as well as the interaction between the 
lead and the gas. 

I*rho(Tl)dx 
A ll-- hP(Tl-Tg)dx 

cold 
end 

warm 
end 

-+x 
Where: 

Atcrass-sectional area of conductor (sq an) 
I=current (A) 
h=heat transfer coefficient (W/sq an/deg K) 
P=wetted perimeter (an) 
Tl-lead temperature (deg K) 
Tg=gas tanperature (deg K) 
rho(Tl)=conductor resistivity (ohn-aa) 
k(Tl)=conductor thermal conductivity (W/an/aeg K) 

A heat balance on an element of length dx yields: 

Or: 

d2T1 
dx2 

- hP(T1-Tg) _ 12rho(T1) 
k(Tl)A k(T1)AL 

The equation for gas equilibrirpn gives: 

mdot.Cp*x dTg = hP(Tl-Tg) 

Or: 

d3 hP (T1-Tg) 
dx - - mdot*Cp 

Where: 

mdot=cooling gas flm rate @n/sac) 
Cp=specific heat at constant pressure for helium 
(J/cmVdes K) 

As in the solution of any system of equations we 
first define those parameters which are fixed. In this 
case we knm that the cold end tenperature of both the 
lead and the gas (Tl and Tg respectively) is 4.7 deg K, 
the current is 50A and Cp (assumed constant Over the 
entire tanperature range) is 5.15 J/gm/deg K. E'urther 
we will initially assume that a reasonable value for 
the heat transfer coeff, h, is 0.2 W/sq an/aeg K. It 
later will be shown that the solution is quite 
insensitive to significant variations fran this initial 
value. 

Finally, we know the conductor material. Copper was 
chosen for several reasons. It obviously has good 
electrical properties, is readily available, and lends 
itself well to fabricatico requirements. 

In order to achieve the highest surface area 
1/crass-section ratio practical, as well as to have a 
conductor that is easily formed, the Fennilab lead 
package utilizes 0.127 run thick cgper foil. 

l'be thermal dependence of rho and k, for the 



material, were determined experimentally for several 
temperatures, which then were fit to well doclmnented 
curves (1). Twenty-one points frcsn these curves are 
used as data values. Points between data values are 
determined by linear interpolation (see fig. 1). 
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Fig. 1 rho and k vs. temperature for 
OEX cqpr (RRR=lOO) 

An iterative integration routine was written for a 
conputer generated solution to the above equations. 
mis algorithn, when given all necessary constants and 
variable parameters will search for a simultaneous 
soluticc which yields the desired lead length 
corresponding to T1=300 deg K. In addition it will 
generate the temperature distribution as a function of 
length for both the lead and the gas, the heat flux 
into the cryostat, and the conponents of heat ronwed, 
i.e. conduction and resistance heating. 

Although not inmediately obvious, the solution to 
this set of equations is rather sensitive to the 
initial value of dTl/dx at the cold end (see fig. 2). 
Therefore, this parameter is initialized quite small 
(say 0.1 deg K/cm). If the integration routine fails to 
find a solution using this value, dTl/dx is increnented 
upward and the solution restarted. This process 
continues untilTl=300 deg K corresponds to the desired 
lead length. 
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If we assme that the ceding stream is generated 
fran the heat flux into the cryostat (self-enerated 
flm) we can readily calculate a new value for mdot at 
each trial dTl/dx, i.e. mdot=(dTl/dx)*k(4.7)*&&! 
(where Hv is the latent heat of vaporization of helix 
at 4.7 deg K, J/gm). 

Figure 3 shm the conplete output fron a typical 
run of the above wtlined routine. 

Fig. 3 Conplted lead characteristics 

'Ihe only parameter we knew little 
mentioned earlier the solution is not 

about is h. As 
influenced to any 

great extent by variations from the chosen value of 0.2 
W/sq an/deg K. Figure 4 shows the effect of these 
variations on the heat flux into the cryostat. 
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Fig. 4 Heat flux at cold end as a function of h 

All that remains is choosing, frun a set of input 
conditions, those which result in a lead with 
characteristics canpatible with the system as a whole. 
As stated previously, one early constraint imposed on 
this design was height. CouPled with other 
considerations, such as constraints on the total 
diameter of the assembled package (approx. 6-7 cm) and 
maximun allowable total mass flow (t1.25 l/hr for all 
12 leads) we arrived at a set of parameters to meet 
these criteria. Figure 3 is in fact the output for 
these conditions. Figure 6 shows the temperature 
gradient as a function of length for this lead as well. 

Now that the gmetry has been defined for each 
Fig. 2 Solution character as a function 

of initial dTl/dx 
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individual caxiuctor we need to develop a means of 
packaging twelve such leads in a manner canpatible with 
the hi-pot requirements and the single flm path 
ccnstraint. In effect we need to build a heat exchanger 
which provides maple conductor/gas contact without 
addirq a large heat path of its cwn. 

Starting with twoG-10 tubes, one (the inner tube) 
with an outside diameter equal to the inside diweter 
of the other (the cuter tube), we machine a rectangular 
thread 2.4 nm deep, 4.0 nun wide, 6.35 nun pitch on the 
outside of the inner tube and on the inside of the 
outer tube. Along the length oftheinnertubeare 
machined 12 shallow slots for the conductors to lay at 
their required spacing. 

The tubas then are nested one inside the other with 
the foil in between. With the matching threads lined up 
we form a rectangular helical path nearly 1300 cm long 
with 60% contact to the capper foil (this 60% is the 
cause of the derating of wetted perimeter fran '1.6 an 
actual to 1.0 an analytical. 

Figure 5 shckls this package as it mounts in -the 
final assembly of the spool piece. Also shown are the 
inner and outer vacuum regions as well as the exit 
strem tenperature control valve. The latter for 
metering the flw for varying load factors on the lead 
package. 
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fig- -5 Conplete lead package (installed) 
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Fig. 6 Temperature profiles for both the test 
lead and the analytical model 

In addition to the above test we were concerned with 
the possibility of damaging the lead if flm were 
interrupted for a significant length of time with full 
current in all 12 leads. This condition was measured as 
voltage drop across one conductor with 50A flcwing. 
Over -a period of 10 minutes we detected a steady rise 
of 100 mV with no gas cooling. Tests shm that in all 
likelihocd this condition -will cause a quench in the 
local correction package, tripping the power supplies 
off. If not, adequate detection time exists to cut 
power before dmnage to the lead results. 

T 

As stated in a previcus section this lead package is 
presently a working cunponent of the Fermilab Energy 
Saver. Prior to the fabrication of any nunber of these 
units, however, (250 are required) a test unit was 
fabricated with a geonetry identical to that of figure 
5. Sinze all of the lead properties are in one form or 
another dependent on the temperature profile of each 
ductor clearly any significant deviations frcm 
expected parrmeters will manifest themselves in a 
change in gradient as a function of length. 

CU test lead then was provided with 11 voltage taps 
alcng the length of one conductor, all conductors.wired 
in series. 

This data cunbined with the resistivity vs. 
tenperature information provides an easy check of the 
temperature profile for an individual conductor. 'Ihe 
test was run with the lead operating at 5OA continuous 
with an equivalent flw of .0033 gm/sec per conductor. 

Figure 6 is a conparison plot of the predicted 
tcnperature profile vs. the actual profile as obtained 
fron the test lead described above. 

Hopefully, within the scope of this report, the 
basis for the design of not only the Fennilab lead 
package, but leads in general, has &en made clear. The 
techniques described are applicable to virtually any 
set of design constraints. 

A further report, including the XEUBAN sarce 
program for the above analysis as well as additional 
canparisons of parameters vs. lead characteristics can 
be obtained frcm Fermilab Internal Report TM-1028, by 
this author, available fran the Fennilab Technical 
Information Office. 

lbe,author wishes to.thank Dr. D. A. Edwards for his 
constant support during the course of this project, Dr. 
M. Kuchnir for materials test data, and Messrs. H. 
Fulton and J. Mulvey for design development. 

* Operated by Universities Research Asscciation,Inc., 
under contract with the U.S. Department of Energy. 
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Metals and Ceramics Information Center, Ratelle 
Laboratories. 
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This and the following pages are presented as an addendum to 
the previous section which was published in the proceedings 
of the 1981 Particle Accelerator Conference in Washington, 
D.C. 

As previously stated, this report is intended to serve as a 
guide to the design and analysis of vapor cooled leads in 
general. 

These pages, therefore, give details of the program and data 
used in the previously discussed analysis. 

Page A-2 shows a series of varied input conditions with 
accompanying output. 

Page A-3 lists the resistivity and thermal conductivity data 
versus temperature. "COPDAT" is the file containing this 
information, and is the input file for "CURLEAD". 

Pages A-4 thru A-6 list the FORTRAN source program used in 
the analysis. It is intended to be used interactively and as 
such it will issue all required prompts. It is, however, 
easily adaptable to batch processing. 

Page A-7 is the output listing from a typical interactive 
session. 

It is hoped that this information will be of help to anyone 
needing to solve those problems encountered in the analysis 
of vapor cooled current leads. The algorithm described here 
is applicable to virtually any set of design constraints and 
should be of help in overcoming solution difficulties. 

A-l 
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AUTHOR: THOMAS H, NICOL9 FERMILAB JANUARY 1981 

‘DIHENSION VALU( 2293 1 
REAL INTVAL 
TDDOT( TL9 TG )=HXPERIMXC TL-TG )i’TK/AREA-( AMPS/AREA >tt2gRHOITK 
TGDOT( TL9 TG )=H$FERIMW TL-TG )i’FLO/CF 
INTVAL< I9N )=VALU( It1 9 N 1-I ( VALU( It1 9W I-VALll( 19H ) X# 

C( VALU( It1 9 1 )-TL I/f VALUt It1 9 1 bVALU( It 1) ) 1 
~~~~~~~~)~V~LU(~~I~),VALU(J~~~~VALUIJI~)~~~=~~~~~ 

.J 

5 bJRITE 10 

ENTER INITXAL CONDITIONS9 PHYSICAL CONSTANTS9 AND LEAD GEOWETRY 

TLDOTO=INITIAL COLD END GRADIENT 
TLDINC=INCREMENT TO TLISOTO FOR EACH TRIAL INTEGRATION 
AREA=C#NDUCTOR X-SECT IN $3 CM 
H=HEAT TRANSFER COEFF IN WSWCWDEG K 
FERIM=WETTED PERIMETER IN CM 
AMPS=CURRENT 

~~?~~9;~DOT09TLDINC9AREA9H9PERIM,AMFS 
6. 

XMAX=MAXIMUM DESIRED LEA% LENGTH 

~~A%~~~MAX 

EF%i= ,001 
TLO=4+7 
TGO=4.7 
CF=5,15 
HLATENT=20 

15 

25 

~t;;10;1~6E-S 

Ttl;Xh 

T~=al 
TLihT=TL%OTO 
FLO=TLDQT%TKIAREA/HLATENT 

INTEGRATION ROUTINE FOR SOLUTION SEARCH, SEARCH IS CWTINUED 
RY INCREMENTING TL%OTO UNTIL TL=300 CORRESPONDS TO X .< XMAX9 
IF THE INTEGRATION ROUTINE BECOMES UMSTABLE THE SEARCH IS 
TERMINATED9 INSTABILITY GfILL ARISE PRIHARILY IF DX IS 
INCREASED TO AFFRQX O+Ol CM 

THE ROUTINE IS A MODIFIED EULER9 FREDICTORlCQRRECTOR 
ALGORITHM, “ERRTL” AN% ’ ERRTG” CHECK FtlR CONVERGENCE9 
“INTGRL” COUNTS EACH INTEGRATION9 IT’S LIMIT IS 100 
TRIES 

35 

45 

55 

65 

INTGRL=Q 
Da 45 I=it21 
IF’Z TL.GE+VALU( Irl ),AND,TL.LE,VALU( It1 ) )GCl TQ 55 
CONTINUE 

RHO=IMTVAL( I92 3 
TK=INTVAL( 193 1 
FThDQT=TDD0Tf TL 9 TG W.~XtTLDOT 
FTL=( TLDOTtFTL%OT b’2NfXtTL 
PTG=TGDOTI TL 9TG )fDXtTG 
CTLDOT=( TDIKITC TL 9TG )tTDDOT( PTL9 FTG )3/2tDXtTLDQT 
CTL=I TLDOTtCTLDOT h’2tDXtTL 





IF(AHS(TOTX-XPR)-+#O~l~~7~~~7~?~85 
UHLTE ~~~FTOTXYTLD~~T~DOT~TLPT~~~T~ 
XFR=XFR+PDX 
RESHEAT~RESHEAT~A~?S~~2~RHO~~~X~AREA 
HTCOND=HTCOND+TLDDtDXSTKXAREA 
GASHEAT=GASHEATfHtFERIl%~TL-TG)bDX 
IF{ TL+GE+300tGO TO i45 
GO TO 125 

WRITE ~ZO~TOTX~TLDDPTLDOTITLPTGD~T& 
WRITE I~~YRESHEATPHTCONDTGASHEAT 
WRITE 140 
READtrNPAIRS 

t Ci=CONVERSION TO SCFH 
$ C2=CONUERSION TO LJHR 

Ll,L-I PI’ .h’d 
C2=28*777 
WRITE 1SO~~PAIRS~TLDOTOt7~8tAREA$NYATRS~~~FLOX~l~~FAIRS$~~ 

XMNPAIRSt2 CFLOM 
205 STOF 

10 FOR&i 
20 FORMAIS/~“~NI~R DESI 
30 FORMATt/r"INTEGRATIO 

\TtIv”ENTER VALUES FOR TLDOTO~TLDING~AREA~H~FERIM~AMFS"P/~ .-. . ..-..--- -I-- 
RED VALUE FOR XMAX"II) 
N LMT EXCEEDED WITH TLDOTO="rF8r4v" AT X='f 

GF8+4r/r"SOLUTION TERMTNATED"~f1 
40 FORWATt /y"SOLUTION FOUND WITH TLDOTO="rF8+4," AT X=“9F7+3,/i 
50 FORMAT(. "WANT TO COElTINUE WITH THIS SOLUTTON '? CYES OR NO)'"r/') 
60 FORMAT 
70 FORPiATt/lr"TYFE 'RESTART' TO START OVER WITH NEW INITIAL " 

C"CONDITIONS"r//r"TYFE 'REFINE' TO REFINE THE ABOUE SOLUTION"t/) 
80 FORMATtA6) 

r FLUX INTO GRYOSTAT="rl%rS," W"; 
~TI/~7X,"X"~8X~"TLDDOT"r7X~"TLDO'I 

'WETTED BERIM=" 
GM" 9/rT261 Y 
';;f:;"GURRENT=" 

LctP 
t/~T2St 
/'~T20? 

:G K/GM"r/rT2Sr 
/I 1 

'* ~VXP"TL" rlOX 

~F8+4 1 
HEATING="? 

t" WATTS" I/ 

.  .  .  .  - “... < 1-1-c r r r 

IR  “~12~” FAIR(S) OF LEADS’tr//r 
“sFS+2t’ WATTS"lr/r 
'I.?" SCFH"P/TT~L~"LIQUID REQ'D= "t 
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ENTER VALUES FOR TLDOTO~TLDINGIAREAPH~F‘ERI~I~AMF% 

? *l?*l~r01?*2tl?S~ 

ENTER DESIRED VALUE FOR XHAX 

? 30 

SOLUTION FOUND WITH TLDOT#= e9QOO AT X= 27.734 

WANT TO CONTINUE WITH THIS SOLUTION ? <YES OR NO) 

? no 

TYPE 'RESTART' TO START OVER WITH HEW INITIAL CONDITIONS 

TYFE 'REFINE' TO REFINE THE ABOVE SOLUTION 

1 refine 

SOLUTION FOUND WITH TLDOTQ= e86QQ AT X= 29t57S 

WANT TO CONTINUE WITH THIS SOLUTION '? (YES OR NO) 

? ye5 

ENTER THE DESIRED PRINT INGREfiENT 

?Ei 

LEAD PARAMETERS 

TEMF /GM 

TGliOT 

xi55 
4%00 

2:4507 
iOe7281 
2019822 
g*;n;; 

12216747 
29466780 

HEAT INUENTORY 

RESISTANCE HEATING= 1,71 WATTS 
GOEIDUGTION DISSIPATED= 3.30 WATTS 

HEAT REMOVED BY GAS= 5101 WATTS 

HOW MANY YAIRS OF LEADS ARE INVOLVED 

?tS 

SYSTEM IMFAGT FOR 6 FAIR(S) OF LEADS 

TOTAL HEAT FLOW IN= 680 WATTS 
TOTAL GAS FLOW= 3019 SGFH 

LIQUID REQ'D= 1,16 L/HR 

11,433 GF SECONDS EXECUTION TIME, 

A-7 


